Donor electron spins in semiconductors make exceptional quantum bits because of their long coherence times and compatibility with industrial fabrication techniques. Despite many advances in donor-based qubit technology, it remains difficult to selectively manipulate single donor electron spins. Here, we show that by replacing the prevailing semiconductor host material (silicon) with germanium, donor electron spin qubits can be electrically tuned by more than an ensemble linewidth, making them compatible with gate addressable quantum computing architectures. Using X-band pulsed electron spin resonance, we measured the Stark effect for donor electron spins in germanium. We resolved both spin-orbit and hyperfine Stark shifts and found that at 0.4 T, the spin-orbit Stark shift dominates. The spin-orbit Stark shift is highly anisotropic, depending on the electric field orientation relative to the crystal axes and external magnetic field. When the Stark shift is maximized, the spin-orbit Stark parameter is four orders of magnitude larger than in silicon. At select orientations a hyperfine Stark effect was also resolved and is an order of magnitude larger than in silicon. We report the Stark parameters for 75 As and 31 P donor electrons and compare them to the available theory. Our data reveal that 31 P donors in germanium can be tuned by at least four times the ensemble linewidth making germanium an appealing new host material for spin qubits that offers major advantages over silicon.
Donor electron spins in semiconductors make exceptional quantum bits because of their long coherence times and compatibility with industrial fabrication techniques. Despite many advances in donor-based qubit technology, it remains difficult to selectively manipulate single donor electron spins. Here, we show that by replacing the prevailing semiconductor host material (silicon) with germanium, donor electron spin qubits can be electrically tuned by more than an ensemble linewidth, making them compatible with gate addressable quantum computing architectures. Using X-band pulsed electron spin resonance, we measured the Stark effect for donor electron spins in germanium. We resolved both spin-orbit and hyperfine Stark shifts and found that at 0.4 T, the spin-orbit Stark shift dominates. The spin-orbit Stark shift is highly anisotropic, depending on the electric field orientation relative to the crystal axes and external magnetic field. When the Stark shift is maximized, the spin-orbit Stark parameter is four orders of magnitude larger than in silicon. At select orientations a hyperfine Stark effect was also resolved and is an order of magnitude larger than in silicon. We report the Stark parameters for 75 As and 31 P donor electrons and compare them to the available theory. Our data reveal that 31 P donors in germanium can be tuned by at least four times the ensemble linewidth making germanium an appealing new host material for spin qubits that offers major advantages over silicon.
I. INTRODUCTION
Since the 70's, silicon-based computing has roughly followed Moore's law, doubling the density of transistors on a chip (and effectively the computing power) approximately every two years. As the transistor size approaches the atomic limit [1] , research has turned from miniaturizing transistors towards replacing silicon with higher performance materials like germanium [2] [3] [4] [5] . In parallel, the field of quantum information processing has been innovating the way computers work by taking advantage of quantum effects. Bolstered by the semiconductor industry, the field of donor spin qubits in semiconductors has rapidly advanced over the past decade and now even single-donor devices can be fabricated [6, 7] . Donorbased spin qubits are not only compatible with industrial fabrication techniques, they also boast long coherence times [8, 9] and are easy to control. Even so, the ability to reliably perform local, single-qubit operations in a scalable architecture-a prerequisite for universal quantum computing [10] -has remained elusive. Spin qubits are typically manipulated using resonant microwave magnetic field pulses, but the fields are difficult to confine at the single-spin scale. The conventionally proposed solution is to use local electrical gates to tune individual spins on and off resonance with a globally applied microwave magnetic field [11, 12] . This electric field induced shift in the spin resonance frequency is known as the Stark effect. * asigilli@princeton.edu This effect has been measured for donors in silicon [13] [14] [15] [16] and is weak; it is unable to shift the resonance more than a small fraction of the inhomogeneous linewidth. Here, we overcome this problem by substituting the ubiquitous semiconductor, silicon, with germanium. Germanium is a fundamentally different material that supports long coherence times [9] and is gaining popularity for spintronics applications [17] [18] [19] [20] . We measured the Stark effect for donors in germanium and found that it is substantially larger than in silicon. The Stark effect for donors in germanium is comprised of two parts: the hyperfine and spin-orbit Stark shifts which are respectively one and four orders of magnitude larger than in silicon. This means that for even the small electric fields applied in this work (480 V/cm), 31 P donor electron spins in Ge can be tuned by at least four times the ensemble linewidth at X-band magnetic fields. This pioneering work shows that germanium is a promising new host material for the next generation of donor spin qubits.
While this is the first experimental work looking at the Stark tunability of donors in germanium, there have been several measurements made in silicon [13] [14] [15] [16] . Most studies have directly measured the Stark effect for donors in silicon, but a few experiments have demonstrated the Stark addressability of donor qubits under certain conditions. Stark addressability has been shown for narrow linewidth nuclear spin ensembles [21] , but the shifts are too small to address electron spin ensembles. Stark tuning an individual donor electron spin on and off resonance with a driving microwave field has also been demonstrated [22] different inhomogeneous environment. Based on the direct measurements of the Stark parameters [13] [14] [15] [16] , it remains unlikely that one can tune donor electron spins by more than an ensemble linewidth before ionization sets in.
Germanium's large tunability arises from its large spinorbit coupling, small valley-orbit splitting, and small binding energy [23] . Our measurements of the Stark effect for donor electron spins ( 31 P and 75 As) in germanium can be well understood by the effective mass theory of Pica et al. [24] and the multimillion atom tight binding theory of Rahman et al. [25] which are in good agreement with our data. Physically, the hyperfine Stark effect arises from a shift in the electronic wave function away from the donor nucleus when an electric field is applied.
The hyperfine coupling is proportional to the overlap of the electronic wave function with the donor nucleus, so a shift in the wave function results in a reduction in the hyperfine coupling. This is the smaller of the two effects at X-band magnetic fields. The second contribution to the overall Stark shift is the spin-orbit Stark effect, which arises from a modulation of the electron wavefunction in the conduction band valleys, thus affecting the g-factor [23, 26] .
The conduction band valley structure controls the spin-orbit Stark effect in germanium. Germanium has 4 valley ellipsoids (or 8 half ellipsoids) centered at the Lpoints of the Brillouin zone (along the <111> equivalent crystallographic axes) [27, 28] . This is depicted by the cartoon in Fig. 1(a) . Each individual valley has a highly anisotropic g-factor with values varying from 1.92 to 0.82 for 75 As donors (or 1.93 to 0.83 for 31 P donors) [23] . The donor ground state is a weighted superposition of the four valleys, and therefore the overall g-tensor is given by a weighted sum over all of the individual valley g tensors. This gives
where g ↔ ef f is the overall g-tensor, α i is the wavefunction amplitude in the i-th valley, and ↔ g i is the g-tensor of an individual valley [26] . Each valley has an axially symmetric g-tensor given as
in the valley basis, with g ⊥ and g equal to the g factors perpendicular and parallel to the valley axis, respectively. In the absence of any electric fields or strain, the electron wave function equally populates the valleys (α i = 0.25) leading to an isotropic g-value ( ↔ g ef f = g 0 I where g 0 = 1.57 for 75 As, 1.5631 for 31 P, and I is the identity matrix) [23] . When an electric field is applied, the valleys with axes oriented along the electric field are lowered in energy, and their α i increase relative to the other valleys. This gives rise to anisotropy in ↔ g ef f . In addition to this valley-repopulation effect, a g-factor shift can result from the "single-valley" effect where an electric field mixes the ground state with higher lying conduction bands [26] . This can be thought of as a modulation of g and g ⊥ as opposed to the modulation of α i caused by the valley repopulation effect.
From symmetry considerations, the Stark effect for donor electron spins must be quadratic to first order [15, 25] so that the Stark-induced frequency shift, df , can be described as
where η g and η A are the spin-orbit and hyperfine Stark parameters, respectively, g is the g-factor along B 0 , β is the Bohr magneton, B 0 is the magnetic field, A is the hyperfine coupling constant, M I is the nuclear spin projection, and E is the applied electric field. The spin-orbit Stark parameter includes both the valley repopulation and single valley Stark shifts and thus depends on the direction of the applied electric and magnetic fields. In this work, we measure the angular dependence of the Stark parameters for 75 As and 31 P donors and find that in certain orientations they are four orders of magnitude larger than what was measured for donors in silicon. These large Stark parameters indicate that germanium-based spin qubits have some important advantages over their silicon analogues.
II. EXPERIMENTAL METHODS
The Stark shift was measured using a pulsed electron spin resonance (ESR) technique sensitive to small frequency shifts, as described by Mims [29] . This technique uses a Hahn echo pulse sequence with an electric field pulse of length t E inserted between the microwave pulses as illustrated in Fig. 1(c) . The applied electric field detunes the spins relative to the local oscillator of the microwave bridge such that they accumulate a phase, dφ, which is readily measured using a quadrature detector. The phase shift is directly related to the Stark shift (df ) by df = dφ/t E . To cancel linear Stark effects, which can arise from strain [13, 15, 16] , bipolar electric field pulses were used as described in Ref. [13] .
Five samples were measured in this work, and their details are outlined in Table I . Three of the samples are commercially available natural germanium, and two other crystals are isotopically enriched [30, 31] . The isotopic enrichment is particularly important for these experiments because it allows the donor hyperfine structure of the ESR spectra to be resolved. In natural germanium, hyperfine interactions with the spin 9/2 73 Ge nuclei (7.8% abundant) broaden the lines to the extent that the donor hyperfine structure and thus the hyperfine Stark shifts cannot be clearly resolved. The natural Ge samples were therefore only used to measure the spin-orbit Stark parameters. The first isotopically enriched crystal is primarily 74 Ge and contains approximately 3.8%
73 Ge [9, 30, 31] . This crystal was neutron transmutation doped to a density of 3 All of the samples were cut to have faces along primary crystal axes (outlined in Table I ) and X-ray diffraction was used to verify that all faces were within approximately 1
• of the intended planes. These faces were used to align the electric field to the crystal. Additionally, the magnetic field must be aligned to the crystal so the sample holder was equipped with a goniometer. The goniometer was calibrated to within ∼ 2
• by measuring the ESR linewidth as a function of angle since the linewidth is minimized for B 0 in the (100) direction [23] .
To apply uniform electric fields, samples were sandwiched between gold electrodes in a parallel plate capacitor arrangement as shown in Fig.1(b) . The electrodes were fashioned from double side polished sapphire wafers with 200 nm of gold deposited on the surface. It was necessary to keep the gold layers thin to avoid loading the microwave resonator. The samples were secured in the parallel plate structures by loosely wrapping them in teflon tape before inserting them into an X-band dielectric resonator (Bruker MD-5) equipped with a low noise cryogenic preamplifier. The samples were cooled to 1.8 K in a pumped helium cryostat.
We measured the Stark shift at 9.6 GHz using 200 ns and 400 ns π/2 and π pulses and a resonator Q factor of 2000. All experiments were conducted at 1.8 K where the samples have conveniently short spin-lattice relaxation times, T 1 ∼1 ms [9] . The spin echoes were typically signal averaged 1000 times per experiment and every experiment was repeated 50 times to further improve the signal to noise ratio. The dephasing time, τ , was kept short relative to the coherence time, T 2 , as given in Table I [9] . This sets a limit on the length of the electric field pulse, t E . For the nat Ge samples t E was typically 10 µs while t E of 30-45 µs were used for the isotopically enriched samples.
III. RESULTS AND DISCUSSION
The Stark shift data for the 74 Ge:As and 70 Ge:P samples are plotted in Fig. 2 for various electric and magnetic field configurations. These were the only samples where we were able to clearly resolve all four 75 As or two 31 P donor hyperfine lines (M I ) and the measurements were performed on each line. The data clearly resolve both hyperfine (fanning out) and spin-orbit (center of mass shift) Stark effects. In Figs. 2(a-b) and (d) the electric field is oriented along a (100) crystallographic direction that makes equal angles with all four conduction band valleys (oriented in the (111) equivalent directions). In this orientation, there should be no valley repopulation because all valleys experience the same energy shift. This means that only the single-valley effect is responsible for the observed Stark shifts. For Fig. 2(c) , the electric field makes different angles with the valleys, and therefore both valley repopulation and single-valley Stark effects can occur. However, here the magnetic field makes an equal angle with all of the valleys. In this configuration, each val-
FIG. 2. Stark shifts measured for
75 As (a-c) and 31 P (d) (samples 1 and 3, respectively) for different configurations of the electric and magnetic fields (denoted by the cartoon insets). The red arrow indicates the direction of the electric field whereas the green arrow shows the direction of B0 relative to the conduction band valleys (grey ellipsoids). In the plots, different symbols/colors denote different hyperfine lines (MI ). The fanning out of the Stark shifts comes from the hyperfine Stark effect whereas the center of mass shift comes from the spin-orbit Stark effect. Solid lines represent the global least squares fit to the data using Eq.(3) with fitting parameters listed in Table 2 .
ley has an equivalent g factor and redistribution of the electronic wave function among the valleys cannot affect g ↔ ef f . The data for E || B 0 || (110) has been omitted from Fig. 2 since the signal-to-noise was too poor to resolve the hyperfine component of the Stark shift. We fit Eq. 3 to the data and report the extracted Stark parameters in Table 2 . Since neither of the isotopically enriched crystals have faces cut in the (111) direction, we could not measure the Stark effect for E (111) in these crystals.
Natural germanium crystals were available with faces cut in all of the primary crystals planes, but since they have broad ESR linewidths, we were not able to measure the hyperfine Stark shift and only measured the spinorbit Stark shift. To accurately determine the spin-orbit term, the Stark shift was measured at the expected center of each hyperfine line and the results were averaged. Because the hyperfine Stark shift is proportional to M I , averaging over opposite hyperfine lines cancels out the hyperfine Stark shift so that only the spin-orbit term survives.
The highly anisotropic spin-orbit Stark shift is shown in Fig. 3 for various electric and magnetic field orientations. When the electric field is oriented in the (100) crystallographic directions (Fig. 3(a) ), the shift is solely due to the single-valley Stark effect and is small. When the electric field is oriented along the (110) or (111) directions (Fig. 3 (b) and (c) ), valley repopulation also contributes to the Stark shift, and we see that the shift is up to two orders of magnitude larger. We thus conclude
Spin-orbit Stark shift for 75 As (red, solid symbols) and 31 P (black, open symbols) donors in germanium. The sample number is listed in each panel's legend and corresponds to the number listed in Table 1 . The square symbols with solid lines denote E B and triangular symbols with broken lines denote E ⊥ B. The cartoons to the right schematically show the electric field (red arrow) relative to the conduction band valleys (grey ellipsoids). In (a) the electric field makes equal angles with all of the conduction band valleys so only the "single-valley" Stark effect contributes to the shift. The inset shows that although small, the Stark effect is resolved in this orientation. In (b) the electric field is oriented between two valleys and in (c) the electric field is directed along one valley axis. When E is along the valley axis, the valley repopulation effect should be maximized. The lines plotted are least squares fits to the data with the exception of the nearly horizontal dashed gray line which represents the strongest Stark shift measured for donors in silicon (hyperfine shift of Si:Sb, MI = 5/2). that valley repopulation is the dominant mechanism contributing to the spin-orbit Stark shift. To emphasize the anisotropy in the Stark shift, all three panels are plotted on the same scale. We note that while this makes it difficult to resolve the Stark shift in Fig. 3(a) , the same data are plotted in Fig. 2 . The data were least-squares fit with Eq. 3 (neglecting the η A term, which was averaged out), and we extract the spin-orbit Stark parameters as recorded in Table 2 . The error reported in the table represents the fitting error.
Random strain can also lead to errors in measuring the hyperfine and spin-orbit Stark parameters since it is equivalent to internal electric fields ( E int ). When ( E int ) is superimposed with our externally applied electric field ( E ext ), it can lead to a large linear Stark effect since the Stark shift is then proportional to ( E int + E ext )
2 . This linear term was cancelled by applying bipolar electric field pulses as previously discussed [13] .
To compare these shifts with what was reported for donors in silicon, we plot the largest Stark shift measured for donor electron spins in silicon (the M I = 5/2 transition for 121 Sb donors) [15] in Fig. 3 . This shift is colored gray and is so small that it appears flat. At a field of 50 V/cm, the shift for Si:Sb is only ∼ -3 Hz, compared to over 9 kHz for Ge:As with a (111) oriented E B 0 . From these data, it is clear that in terms of Stark sensitivity, germanium far outperforms silicon.
Of course, high sensitivity does not necessarily translate into large tunability. For the donors in a large ensemble to be gate addressable, one would like to be able to apply large enough electric fields to reliably tune the donor electron spin by more than the ensemble linewidth. In our recent work [9] , we have found that the ensemble linewidth of donor electron spins in highly enriched germanium can be as narrow as 1.1 MHz (0.05 mT). With the electric fields applied in this work, we were able to demonstrate a Stark shift of only 7 kHz (Fig. 3 (c) ). The largest electric field was limited by the high densities of 31 P and 75 As donors in our samples, which can undergo avalanche impact ionization at higher fields given the large separations between the parallel plates [32] . Much larger electric fields will be permitted in nano-scale gated devices or in lightly doped macroscopic crystals. In the supplementary information, we demonstrate that fields as large as 480 V/cm can be applied to a 0.5 mm thick crystal with ∼ 10 12 31 P/cm 3 without signs of donor ionization. The resulting Stark shift is 28 kHz and is relatively small because electric fields could only be applied along a (100) crystallographic axis. However, a similar non-ionizing electric field of 480 V/cm applied along the (111) direction, would produce a Stark shift of 4.2 MHz (For B 0 parallel to E), exceeding the ensemble linewidth (of 0.01% 73 Ge) by a factor of four [24] . Because spins can be tuned by more than the ensemble linewidth, donors in germanium are compatible with Stark addressable spin manipulation schemes. Stark modulation was demonstrated for individual spins in silicon where the "instantaneous" spin linewidth is narrow [22] . In this work, a field of 8000 V/cm was applied to achieve a shift of 350 kHz. The large shift was made possible by a very large linear Stark effect, presumably due to strain in their nano-scale gated devices. Addressability was achieved for ensembles of Sb nuclear spins, which have very narrow linewidths [21] . A field of 900 V/cm was used in this work to produce a shift of 8 kHz. These large electric fields are not necessary in germanium.
IV. CONCLUSION
In summary, we have investigated the Stark tunability of 31 P and 75 As donor qubits in germanium-a largely unstudied quantum system that offers some major advantages over silicon. Our results show that the spinorbit and hyperfine components of the Stark shift are four orders and one order of magnitude larger, respectively, when compared with silicon. We find a lower bound for ionizing fields in our enriched samples of 480 V/cm, which gives a lower limit on the Stark tunability of Ge donor qubits of 4.2 MHz, four times the ensemble linewidth (1.1 MHz [9] ). This means that even large ensembles of donor qubits in germanium can be reliably gated using electric fields. When these encouraging results are combined with the long coherence times we have already reported [9] and germanium's compatibility with industrial semiconductor processing [2] [3] [4] [5] , germanium appears to be the natural host material for the next generation of donor-based quantum bits.
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